. Steps are numbered to remain consistent with the myosin literature. The working stroke is shown in two phases, the latter one coupled to ADP release from AMÁADP. Inset: The primary working stroke is depicted either before or after phosphate release from AMÁADPÁP i . (b) Applied forces acting on the bead-actin-bead dumbbell in the ultra-fast force clamp at ± 3.75 pN. Dashed Figure 2a . To describe the force dependence of these rates, the Bell equation was
where k is the force dependent rate, k 0 is the unloaded rate, (F) is the applied force, (d) is the distance parameter indicating the force dependence of the transition, k is Boltzmann's constant, and T is the absolute temperature. Because the data show increasing rates as the magnitude of the force increases under either positive or negative loads, the Bell equation was fitted to the k f values separately for assisting (negative) and hindering (positive) loads. For assisting loads k 0 = 579 (369-789, 68% CI) s À1 and d = À1.47 (À1.84 -À1.06), 68% CI) nm, and for hindering loads k 0 = 354 (127-581, 68% CI) s À1 , d = 2.54 (1.90-3.18, 68% CI) nm. (b) Because k int shows a general trend of increasing rate as the load becomes more positive (more hindering load), the fit for k int was performed on positive and negative data but excluded the point at À4.5 pN. k 0 = 256 (131-381, 68% CI) s À1 , d = 1.18 (0.67-1.68, 68% CI) nm. DOI: https://doi.org/10.7554/eLife.49266.006 The estimated unloaded rate (k 0 = 31.5 s À1 ) is slightly less than some previous measurements (50-70 s À1 ), which may be at least partially due to mixing of the slow and intermediate phases in the fitted parameters. Such mixing may also be responsible for the differences in k int for 1 mM vs. For example, the averages MED = 10 ms represent the average displacement of all events > 10 ms. The plotted displacement is normalized to the largest displacement observed at each force. As more events are excluded (increasing x-axis), the total observed displacement rises, until it nearly plateaus at MED ! 15 ms for 0 P i . This result justifies analyzing events longer than 15 ms separately from short events (e.g. Figure 3 ) for this data. For 10 mM P i , the total displacement continued to increase until events shorter than 25 ms were excluded, and thus 25 ms was used as a threshold for the 10 mM P i data, and the 0 P i data that were directly compared to it (Figures 4  and 5) . Models for the effect of free P i on single-molecule displacements in the presence of hindering mechanical load. (a) If the working stroke occurs before P i release, P i is expected to cause more reversals and reversals which occur later in the events and would not delay the initial stroke. (b) If P i is released before the working stroke, solution P i is expected to delay the working stroke due to P i binding to AMÁADP and then having to dissociate again before the stroke. showing the initial stroke and later 'dip' attributed to stroke reversals. Triangles indicate the detected maximum initial displacement, and circles indicate the location and timing of the maximum 'dip' in the signal using a moving average, as described in Materials and methods. (d) Total displacement for events longer than 25 ms at 10 mM P i relative to that with no added P i , ({displacement at 10 mM P i } / {displacement at 0 P i }). (e) Relative amplitude of the dip for 10 mM vs. 0 added P i . (f) Comparison of the time between the maximum initial displacement and minimum of the dip for no added P i (blue) and 10 mM added P i (red). (g) Simulated ensembles averages from the model described in the text and Materials and methods with P i release occurring after the working stroke. (h) Expanded view of the boxed region in g) showing the dip in the displacement predicted by this model, similar to the experimental data. Inset shows a simplified view of the working-stroke-first model used in the simulations. DOI: https://doi.org/10.7554/eLife.49266.015 is the same as text Figure 6 , but with rate constants used in the ensemble average simulations shown in Figure 5g -h in the main text. The rate constants reflect the rates at 3pN of hindering load. The fast detachment rate of 2000 s À1 , with a 1000 s À1 stroke rate leads to an observed stroke and detachment rate of 3000 s À1 , similar to the observed rates at 3pN of load (Figure 2f, Figure 4c ) and sets the fraction of short lived events near 60% (Figure 2-figure supplement 1) . The stroke reversal rate of 600 s À1 corresponds approximately to the interpolated k int from the Bell equation fit in Figure 2-figure supplement 2b . The phosphate release and rebinding rates at 10 mM P i were both set to 400 s À1 to recapitulate the ensemble average data, and are consistent with previous estimates of 600 s À1 and 400 s À1 respectively from muscle fiber experiments (Araujo and Walker, 1996) . The rate of MÁADPÁP i binding to actin was set to 100 s À1 to produce an estimated ensemble rate of P i release to be 18 s À1 , in agreement biochemical findings (Rohde et al., 2017; Liu et al., 2015) Simulations of the initial ensemble displacement for immediate (blue) vs. multistep processes (red, yellow, green) occurring between actin binding and the working stroke compared to the observed data at 3 pN load (black). Only the single process at 5000 s À1 (blue) or a multistep reaction scheme with one rate being !10,000 s À1 (red and yellow) exhibit rapid displacement stroke like that observed (black). This comparison indicates that if extra processes occur between binding and completion of the working, they must be extremely fast. The high speed of the stroke thus rules against extra reaction steps. DOI: https://doi.org/10.7554/eLife.49266.017 Figure 6 . Proposed model with short-lived, weakly-bound attachments directly preceding the working stroke, which is followed by phosphate release and potential phosphate rebinding. Rates constants are estimates at zero load (lowest values) to 4.5 pN of hindering load (highest values). Colored arrows indicate processes associated with detachment rate k f (red), k int (green), and k s (blue). Dashed green arrow is only relevant when 10 mM P i is added. Red underlined states indicate myosin is strongly bound, while yellow underlines indicate a weakly bound or unbound state. DOI: https://doi.org/10.7554/eLife.49266.020
